Abstract. A simulation study of the energy released by extensive air showers in the form of MHz radiation is performed using the CoREAS simulation code. We develop an efficient method to extract this radiation energy from air-shower simulations. We determine the longitudinal profile of the radiation energy release and compare it to the longitudinal profile of the energy deposit by the electromagnetic component of the air shower. We find that the radiation energy corrected for the geometric dependence of the geomagnetic emission scales quadratically with the energy in the electromagnetic component of the air shower with a second order dependency on the atmospheric density at the position of the maximum of the shower development X max . In a measurement where X max is not accessible, this second order dependence can be approximated using the zenith angle of the incoming direction of the air shower with only a minor deterioration in accuracy. This method results in an intrinsic uncertainty of 4% with respect to the electromagnetic shower energy which is well below current experimental uncertainties.
Introduction
The measurement of high-energy cosmic rays using short radio pulses emitted by air showers is a quickly evolving field of research [1] . Recently, a new method to measure the cosmic-ray energy using the radiation energy, i.e., the energy that is emitted by the air shower within the frequency band of the detector, was presented [2] [3] [4] [5] . In this work, we study the emission of the radiation energy from the theoretical side using Monte Carlo simulations of air showers and the calculation of the radiation from first-principles based on classical electrodynamics. More details of this analysis can be found in [6] .
Method
We use the CoREAS code [7] , which is an extension of the CORISKA [8] software, to simulate the radio emission from air showers. It uses a full MC approach where in principle all shower particles are followed and their contributions to the radiation at a specific observer position are calculated. and 80
• and uniformly distributed azimuth angles. For each combination of energy and geometry we simulate a proton-and an iron-initiated air shower.
As the radiation at each observer position needs to be calculated separately, the radiation energy is no direct outcome of the simulation but needs to be determined via integration of the radio emission footprint. As this would require a large number of sampling points and the computing time scales linearly with the number of observers, we developed a method that exploits the radial symmetry of the geomagnetic and the charge-excess contributions in the radio signal. We found that it is sufficient to simulate the radiation only at positions along the positive v × ( v × B)-axis, where v is the shower direction and B is the geomagnetic field. This is because on this axis the geomagnetic and chargeexcess radiation are polarized orthogonally to each other and can therefore be separated. This method does not only allow for an efficient extraction of the radiation energy from air-shower simulations but also allows for a separate determination of the radiation energy resulting from the geomagnetic and the charge-excess radiation.
Longitudinal Profile of the Radiation Energy Release
To determine at which stage of the shower development how much radiation energy is emitted, we simulate observers at different atmospheric depths along the shower axis. The resulting longitudinal profile of the radiation energy release of one of the simulated air showers is presented in Fig. 1 . The radiation energy rises with increasing atmospheric depth until it reaches its maximum and then remains constant as the atmosphere is transparent to radio waves. This does not imply that the lateral signal distribution remains constant. The signal distribution changes strongly with the distance between observation height and shower maximum. For larger distances the radiation energy is distributed over a larger area resulting in a broader signal distribution with smaller signal strengths.
The longitudinal profile of the radiation energy release can be described with a Gaisser-Hillas function with three free parameters. We compared the profile of the radiation energy release with the longitudinal profile of the energy deposit of the air shower (dE/dX) and found that the radio profile is shifted to smaller atmospheric depths with respect to the dE/dX profile with an average shift of 46 g/cm 2 .
Correlation with Electromagnetic Shower Energy
To achieve a good correlation of the radiation energy with the electromagnetic shower energy, the dependence of the geomagnetic emission on the angle α between the geomagnetic field and the shower axis needs to be corrected for. As the charge-excess emission is independent of the geomagnetic field we only correct for the geomagnetic contribution to the radiation energy by dividing the radiation energy by [a 2 + (1 − a 2 ) sin 2 α], where a is defined as the square root of the ratio of the chargeexcess and the geomagnetic contribution to the radiation energy normalized to maximum geomagnetic emission (sin α = 1). We use the square root of the ratio to be consistent with previous work on this topic where a was defined as the ratio of electric-field amplitudes [9, 10] .
With our method, the geomagnetic and charge-excess contributions to the radiation energy can be extracted separately from the simulated air showers. We found that a is not constant but depends on the atmospheric density in which the shower develops. The larger the atmospheric density in which the shower develops the larger the ratio of charge-excess to geomagnetic radiation energy. We observe values ranging from a = 0.02 to a = 0.5. This effect can be parametrized with the density at the shower maximum ρ X max which is primarily a function of the zenith angle and depends to a smaller extend on the variations of the shower maximum X max . This dependence is described by the following exponential function: a(ρ X max ) = 0.43 e
where we use ρ = 0.65 kg/m 3 as the average atmospheric density at the shower maximum. In addition to the sin α dependence we found that the radiation energy itself also depends on the atmospheric density in which the shower develops. For shower developments in small density regions we observe an increased radiation energy. This is because the shower development depends on the amount of atmosphere that is traversed (slant depth) whereas the amount of radiation depends on the geometric path length of the shower particles. For showers developing in thin regions of the atmosphere the ratio of geometric path length to slant depth is larger than for showers developing in thick regions resulting in an increased radiation energy.
This dependence can again be parametrized using ρ X max and we add a second correction term to the radiation energy.
The correlation between the corrected radiation energy S ρ RD and the electromagnetic shower energy is presented in Fig. 2 . We describe the correlation with a function of the form S RD = A×10 7 eV (E em /10 18 eV) B and determine the free parameters A and B as well as the parameters p 0 and p 1 of Eq. (2) in a combined χ 2 fit. We find A = 1.683, B = 2.006, p 0 = 0.251 and p 1 = −2.95 m 3 /kg. Hence, the corrected radiation energy scales quadratically with the electromagnetic shower energy as expected for coherent emission. The intrinsic energy resolution of this method can be inferred from the scatter around the calibration curve and amounts to ∼ 3% which is shown in the inset figure.
In a measurement, X max is often not accessible or has large experimental uncertainties. We therefore approximated the density at the shower maximum using only the zenith angle of the incoming shower direction and assuming an average value of X max for all air showers. With this simplification we still obtain an intrinsic uncertainty of only 4% which is well below current experimental uncertainties. 
Conclusion
In this work, we presented a prediction of the radiation energy emitted by air showers using firstprinciples calculations based on classical electrodynamics. We determined the longitudinal profile of the radiation energy release. Furthermore, we studied the dependence on the shower energy and found that the radiation energy scales quadratically with the energy in the electromagnetic cascade of the air shower after correcting for the dependence of the geomagnetic emission on the geomagnetic field. In addition, we found that the radiation energy shows a second-order dependence on the atmospheric density in which the shower develops. This dependence can be parametrized using the atmospheric density at the shower maximum resulting in an intrinsic uncertainty of the method of 3%. In a more practical parametrization using only the zenith angle, the method shows an intrinsic uncertainty of 4%. Hence, the results presented here can be used by cosmic-ray radio experiments to improve the precision in the energy reconstruction and to calibrate the energy scale from first-principles calculations.
